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Abstract 
The QDec measurement system is designed and utilized for shape quality control of mirror panels for solar concentrators like 
parabolic troughs, heliostats and dishes. To adapt the deflectometric measurement system to the rising number of new 
concentrator designs, enhancements are implemented. By optimization of the evaluation and correction algorithms, by enhanced 
camera calibration and by improved determination of the position of all components in space the measurement uncertainty are 
significantly reduced. Validation measurements of reference surfaces show measurement uncertainties on the local measured 
slope below <0.10 mrad (RMS, for ~200000 measurement points) for a standard measurement setup with a measurement distance 
of 5 m. Further validation measurements are realized by the measurement of reference water surfaces in diverse measurement 
distances, with different hardware and by comparison to the results of a photogrammetric measurement. The results of the 
validation show a significant reduction of the measurement uncertainty for the standard measurement setup and a preservation of 
the known uncertainties for new measurement setups with shorter distance. 
The described enhancements together with the implementation of deflectometric measurements with multiple cameras enable 
accurate deflectometric measurements of heliostat panels and reflector geometries with short focal length in a reasonable 
measurement volume. For standard parabolic trough panels the same accuracy is maintained for a measurement distance of 2 m. 
This reduces the necessary space for a deflectometric measurement system in series production significantly. Further 
enhancements are improvements regarding the efficiency of the algorithms. Measurement time for standard parabolic trough 
panels is reduced down to 12 seconds permitting 100% control in series production. Furthermore, for prototype qualification high 
resolution measurements of up to 2 million measurement points are achieved. 
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1. Introduction 
To achieve high optical performance and increase cost effectiveness of concentrating solar power (CSP) or 
concentrating photovoltaic (CPV) applications, economic and accurate measurement systems are required. 
Measurement techniques, which are used to determine the quality of mirror panels, are deflectometry or fringe 
pattern reflection, photogrammetry, laser radar measurements and various custom measurement systems using 
feature detection in reflected patterns or detection of reflected laser rays [1-7]. As for CSP or CPV applications the 
determination of local slope instead of shape deviations is of higher interest, measurement techniques which directly 
measure local slopes are more appropriate. For example: Deflectometric measurement techniques determine the 
local slope directly from observation of the reflection of known patterns on the reflecting surface of the measurement 
object [2,6]. Further advantages of deflectometry are its high resolution, short measurement time, spatial data 
acquisition, flexible adaption to reflector geometry and accuracy. Therefore, deflectometry is utilized in the QDec 
measurement system, which is widely used for quality control in CSP mirror manufacturing as well as in the DLR 
QUARZ laboratory. Apart from these applications, it can also be used to qualify the optical quality of complete 
parabolic trough modules, heliostats or dishes [1,2,4]. 
Up to now deflectometric measurements of heliostat panels and geometries with short focal lengths have not been 
possible with required measurement uncertainties (~0.1 mrad on SDx/SDy). Therefore, enhancements became 
necessary in order to decrease the measurement uncertainty for the standard deflectometric measurement setup and 
realize accurate deflectometric measurements with shorter measurement distance between measurement object, 
projection surface and camera. The following paragraphs include information on the realized enhancements and their 
validation. 
 
Nomenclature 
RMS  Root mean square  
SDx   RMS of measured local slope deviations in x-direction 
SDy  RMS of measured local slope deviations in y-direction 
SDtotal  RMS of measured local slope deviations, direction is not considere 
PG  Photogrammetry 
TS  Total Station measurement 
2. Enhancements 
In order to decrease the measurement uncertainty its main sources were identified. Apart from experience based 
on the setup of various deflectometric measurements in the past, a sensitivity analysis was performed on the input 
parameters of an uncertainty analysis for a deflectometric measurement setup of standard parabolic trough panels 
(Figure 1). Due to the complexity of the evaluation procedure and numerous input parameters, the uncertainty 
analysis was done using an already existing software tool. It models the complete evaluation procedure and takes all 
relevant configuration parameters into account [1,2]. The sensitivity analysis shows that the main influences on the 
measurement uncertainties are related to: 
x Picture processing: A fundamental part of a deflectometric measurement is the assignment of the information of 
the measurement pictures to the measurement object’s surface and for calibration to the projection screen. The 
quality of the assignment is mainly affected by the quality of the correction of the lens distortion and of the 
perspective correction. 
x Position of camera and projection surface: The local measured normal vector is determined using the law of 
reflection. Therefore, uncertainties in the determination of the position of the camera, the measurement object 
and the projection screen have a direct influence on the quality of its assessment. This effect increases with 
reducing measurement distances. 
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Figure 1: Result of sensitivity analysis to determine the main influences on the measurement uncertainty for a standard parabolic trough panel in 
standard measurement set-up 
Therefore, enhancements in the determination of the lens distortion parameters and of the position of all 
components became necessary. The following paragraphs give further details on how these enhancements were 
realized. 
2.1. Determination of lens distortion parameters 
In order to improve the determination of the lens distortion parameters for standard lenses and enable a valid 
calibration of lenses with a wide angle of view the lens calibration procedure was improved. For this purpose 
software tools were created. These tools determine the remaining error of the lens distortion and give further 
indications on the quality of the lens calibration. 
The lens distortion parameters are determined by a photogrammetric measurement of a calibration frame. To 
obtain valid lens distortion parameters it is essential that photogrammetric measurement points are equally 
distributed over the complete camera chip. Figure 2 displays the distribution and quality of all measured points in all 
measurement pictures. 
 
Figure 2: Distribution and quality (normalized) of PG measurement points on the camera chip in all pictures (0 = good quality, 1 = bad quality) 
To determine the quality of the lens distortion correction a special tool was developed. By comparison of 
detected points in an orthogonal test picture of a calibrated reference plate the local error of the distortion correction 
is determined. This procedure allows improving and controlling the calibration process and identifies which area of 
the chip is calibrated with sufficient accuracy for further use. 
By combining the results of these two tools an optimization of the orientation, position and amount of pictures 
used for the photogrammetric measurement is achieved. Figure 3 (b) gives the result of an improved lens calibration, 
which shows a significant improvement to the initial calibration done without the knowledge of the described tools 
(Figure 3 (a)). For example: For a deflectometric measurement setup with 5 m distance the local measurement 
uncertainty, which was determined by a reference water surface measurement, could be decreased from 0.38 mrad to 
0.11 mrad by using improved lens calibration data. 
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Figure 3: Error in lens distortion correction on camera chip in pixel (a: initial bad calibration, b: improved calibration) 
Some remaining systematic errors of the lens distortion are caused by deviations of the real distortion of the lens 
to the distortion model of the photogrammetry software. Especially in the corners of the camera chip these 
deviations are significant. In the evaluation image areas with high deviations are usually not utilized. In future, 
alternative lens distortion models for better approximation of extreme wide-angle optics can be validated by using 
the developed tools. It might also be possible to consider the determined effects of the lens distortion and correct 
them in the evaluation. 
2.2. Determination of the position of system components 
Up to now the positions of the system components (measurement object, camera and projection surface) are 
determined with a total station. The measurement uncertainty of the total station in this configuration is ±2 mm 
within a volume of 6 m × 6 m × 6 m, which is approximately the space necessary for a deflectometric measurement 
of standard parabolic trough panels [8]. In order to decrease the uncertainty in the determination of the system 
components position an alternative measurement technique has to be applied. Photogrammetry is a common 
technique for high precision measurement of 3D coordinates in space. It is highly flexible regarding the 
measurement object’s geometry and location [3]. Therefore, this technique is chosen and applied in different stages 
to the determination of the position of the system components. 
2.2.1. Photogrammetry measurement only 
For certain deflectometric measurement setups photogrammetry can be used to determine the positions of all 
system components. In this case special care has to be taken on the position, orientation and amount of pictures used 
for the photogrammetry, because a standard setup for deflectometry does not allow ideal picture positions for the 
photogrammetry. For the photogrammetric measurement of the position of the camera, projection surface and 
measurement object special adapters have been designed and manufactured (Figure 4). 
 
Figure 4: Adapters used for photogrammetry (a: camera position; b: positioning limits and support points, with permission of Rioglass Solar) 
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Figure 5 shows the photogrammetry setup to determine the position of all components for a deflectometric 
measurement setup to measure parabolic panels with a short focal length. For validation of the photogrammetry 
calibrated carbon scale bars with a length of ~1400 mm have been included in the setup. The distances on these 
scale bars showed a standard deviation of 0.05 mm compared to their initial calibration. From experience based on 
previous photogrammetric measurements the maximum measurement uncertainty of the relative position of all 
system components can be estimated to be below ±0.30 mm, which is significantly below the measurement 
uncertainty of the total station. 
 
 
Figure 5: Deflectometric measurement setup for short focal length geometries (a: photogrammetric measurement of position of system 
components, with permission of Rioglass Solar; b: 3D sketch of deflectometric measurement setup) 
2.2.2. Combination of photogrammetry and total station 
In case a complete photogrammetric measurement of the position of all components of the deflectometric 
measurement setup cannot be realized with reasonable effort and accuracy, it is possible to combine photogram-
metry with a total station measurement. Figure 6 shows a setup of such a combined measurement. Two separate 
photogrammetric measurements have been done, one to determine the position of the cameras and projection surface 
position (green and blue points) relative to each other and another one to determine the panel support geometry 
(orange and yellow points). Both measurements are linked by a total station measurement (red and orange points). 
The advantages of this combination are an exact determination of the camera positions in reference to the projection 
surface and an exact measurement of the panel support geometry. The increased accuracy in the determination of the 
system components decreases the measurement uncertainty and therefore permits a deflectometric measurement 
with multiple cameras. 
 
Figure 6: Deflectometry setup for measurement of heliostat panels with multiple cameras (circles: measured only with photogrammetry; triangles: 
measured with photogrammetry and total station; red: projections surface reference points; blue: camera positions; green: panel mounting points; 
yellow: panel reference points) 
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2.2.3. Photogrammetric measurement of panel support 
Usually the measurement object is positioned on a custom support, which consists of reference points, limits and 
support points. For a standard measurement system a separate photogrammetry of the support can be performed. The 
results obtained by this measurement allow an accurate check of the support’s geometry and permit an improved 
configuration of the system. The support alignment has to be checked with high accuracy to avoid significant 
deformations of the measurement object due to an inaccurate support. 
2.3. Further enhancements 
In order to measure heliostat panels (large, nearly flat panels) and 1-axis curved panels with short focal length in 
a reasonable measurement volume or to measure standard parabolic trough panels with shorter measurement 
distance it is necessary to use multiple cameras (see Figure 5 and Figure 6 for example deflectometric measurement 
setups). Therefore, the possibility to measure one panel with various cameras and stitching the results together has 
been implemented. For such measurements it is essential to determine the different camera positions as exactly as 
possible to ensure a good match between intermediate results in overlapping areas. Differences in overlapping areas 
on the panel surface are used as quality criteria of the measurement results. Further research on different stitching 
methods showed that best results are achieved when stitching is based on externally determined parameters, like the 
position of all system components, instead of fitting results in overlapping areas. If fitting of results in overlapping 
areas is used systematical measurement errors can add up and lead to invalid measurement results. 
In order to decrease the measurement uncertainty caused by remaining non-linearity after correction of the 
previously utilized digital SLR camera and LCD projector, alternative hardware components was required. By the 
use of linear industrial cameras and a high grade projector with a custom linear projection preset, non-linearity 
effects are eliminated. The linearity of the projector and industrial cameras was verified with a custom software tool. 
Apart from enhancements in the determination of system calibration parameters and the utilized hardware, the 
deflectometry software algorithms were improved. This led to minor improvements regarding measurement 
uncertainty, to an optimization in speed and memory usage and an increased flexibility for different reflector 
geometries. Measurements of standard parabolic trough panels are now performed in less than 12 seconds (6 
seconds picture acquisition + 6 seconds evaluation), which enables a 100% control in typical series production. 
Resolutions of up to 2 million measurement points allow high resolution deflectometric measurements of large 
measurement objects or prototypes. 
3. Validation measurements 
Apart from comparisons to alternative measurement techniques like laser radar and photogrammetry, 
deflectometric measurements of water surfaces as an ideal flat reference object provide detailed high resolution 
information on the measurement uncertainties. This interpretation is valid, because there are only minor differences 
in the measurement and evaluation of a water surface and curved geometries. Various water surface measurements 
were performed in different deflectometric measurement setups as validation of the enhancements. 
Table 1 gives the determined measurement uncertainty for different deflectometric water surface measurements 
and the results of a comparison to a photogrammetric measurement. The variation of the water surface area is caused 
by the target used for each measurement, which limits its maximal size. The results show the improvement for the 
standard measurement distance of 5 m as well as a sufficient measurement uncertainty for shorter measurement 
distances. 
Remaining measurement uncertainties can be mainly explained by a combination of uncertainties in the 
determination of the position of all system components, uncertainties due to the perspective correction of the 
measurement pictures and uncertainties in the correction of the lens distortion. Depending on the measurement setup 
and used hardware the ratio of the single influences on the overall measurement uncertainty changes. For 
deflectometric measurements with multiple cameras, borders between areas, which contain only measurement 
results of a single camera, and overlapping areas, which contain merged measurement results of multiple cameras, 
are clearly visible (Figure 9, Figure 10). Depending on the measurement setup and measurement object, the position 
of these borders changes. 
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Table 1: Overview on validation measurement results (water surface and comparison to photogrammetry) 
Validation measurement /  
measurement distance /  
determination of geometrical setup with 
Measured area of water surface / test 
mirror in m² (width/height in m) SDx in mrad SDy in mrad SDtotal in mrad 
Water surface / 5 m / TS 
(previous validation measurement) [2] 1.7 (1.7/1.0) 0.19 0.18 0.26 
Water surface / 5 m / TS 
(new validation measurement) 1.3 (1.3/1.0) 0.05 0.04 0.07 
Water surface / 2 m / PG 
(same hardware as 5m distance) 0.8 (0.8/1.0) 0.09 0.13 0.16 
Water surface / 2 m / PG 
(2 cameras, wide angle lenses) 1.7 (1.7/1.0) 0.14 0.16 0.21 
Water surface/ 1.5 m / PG 
(2 cameras, wide angle lenses) 0.8 (1.6/0.5) 0.18 0.17 0.25 
Comparison to PG / 6 m / PG + TS 
(2 cameras, mirror in vertical position) 4.3 (3.2/1.3) 0.08 0.11 0.14 
 
3.1. Water surface measurement with 5m distance 
Deflectometric measurement setups for standard parabolic trough panels are typically designed with a 
measurement distance of about 5 m. Figure 7 (a,b) shows the local measurement uncertainties in x- and y-direction. 
The measurement uncertainty was reduced significantly for this setup from 0.26 mrad to 0.07 mrad (Table 1). 
Therefore, this measurement setup qualifies for the deflectometric measurement of heliostat panels or flat float glass 
samples, which require more precise measurements than standard parabolic through panels. Figure 7 (c) shows a 
local measurement uncertainty of the integrated height, obtained by a combined integration of the measured slopes 
in x- and y-direction. The maximum absolute deviation from the ideally flat reference object of 1.3 m² is with 
±0.021 mm very low. 
 
Figure 7: Local measurement uncertainties in mrad obtained by water surface measurement at 5 m distance (a: x-direction; b: y-direction); 
c: local measurement uncertainty of the integrated height in mm 
3.2. Water surface measurement with 2m distance 
To validate the smaller measurement distance independently from different hardware, a water surface was 
measured with a distance of 2 m to the projection surface. For this measurement the same hardware and lenses as in 
the setup with a measurement distance of 5 m was used. Therefore, the measured water surface is smaller than in the 
5 m setup. As expected the measurement uncertainty is higher than in the 5 m setup but still accurate enough for the 
application (Table 1 and Figure 8). This setup is used for deflectometric measurements of small samples. 
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Figure 8: Local measurement uncertainties in mrad obtained by water surface measurement at 2 m distance (a: x-direction; b: y-direction) 
White areas are caused by reference points within the water surface used for evaluation. 
3.3. Water surface measurement with 2m distance (2 cameras) 
To reduce the measurement volume of a deflectometric setup and measure standard parabolic trough panels at a 
distance of 2 m and with a projection surface of ~2x2 m² two cameras have to be used. As validation for the 
accuracy of such a deflectometric measurement setup a water surface of ~1.7 m² was measured. Figure 9 shows the 
determined local measurement uncertainty on the slope, which is with a measurement uncertainty of 0.21 mrad on 
the measured slope (RMS, ~200000 measurement points) well within the expectations. 
 
 
Figure 9: Local measurement uncertainties in mrad obtained by water surface measurement at 2 m distance (a: x-direction; b: y-direction) 
White areas are caused by reference points within the water surface used for evaluation. 
3.4. Water surface measurement with 1.5m distance (2 cameras) 
For a deflectometric measurement setup for concentrating photovoltaic panels with a focal length of ~200 mm 
even shorter measurement distances of 1.5 m have to be realised to obtain a reasonable deflectometric measurement 
volume. Figure 10 shows the locally determined measurement uncertainty on the slope for such a setup.  
 
Figure 10: Local measurement uncertainties in mrad obtained by water surface measurement at 1.5 m distance (a: x-direction; b: y-direction) 
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3.5. Comparison to photogrammetry results in setup with 6 m distance 
For the validation of a deflectometric measurement setup with two cameras for measurement of large heliostat 
panels in vertical position a comparison to a photogrammetry measurement was done. Figure 11 gives the 
differences in the calculated slopes based on the results of the deflectometry and photogrammetry. The differences 
are well within the expected range, especially if it is considered, that the resulting differences result from the 
comparison of two different measurement techniques. For the photogrammetry the distance between the 
measurement points was ~ 100 mm and therefore local short-wave deformations could not be determined by the 
photogrammetry measurement. This explains the local differences between both results. The comparison results 
show that the general curvature and the long-wave deviations of the measurement object were determined by both 
measurement techniques similarly, which confirms the correct stitching of the deflectometry measurement result. 
 
 
Figure 11: Differences in measured slopes by deflectometry (6 m distance) and photogrammetry in mrad (a: x-direction; b: y-direction) 
3.6. Results of repeatability test measurements 
Further test measurements were performed using RP3 panels to obtain information on the reproducibility of the 
measurement results and on the influence of the measurement objects positioning on the measurement result. For 
reference, Table 2 gives general tolerances on results of repeatability tests, which were performed under similar 
boundary conditions. 
First, the repeatability was tested without moving the measurement object between the measurements. Table 2 
includes the results for this study, which are well within the expected range and at least one order of magnitude 
below the expected measurement uncertainty and therefore not significant. 
Especially geometries which are only curved in one direction (e.g.: parabolic trough panels) are very sensitive to 
correct positioning in the measurement system. Therefore, RP3 panels (inner and outer) were repeatedly measured 
with new positioning in between the measurements. The results of this study are a statistic of more than 100 separate 
measurements. The results are well within the expected range. For the repeatability test the panels were positioned 
carefully, a necessary condition to reach repeatability in this quality. For measurements which are performed with 
less care significantly higher deviations can occur. As the sensitivity on the positioning is highly dependent on the 
measurements object geometry and the positioning support, results vary for different geometries. 
In summary, the repeatability tests show that measurement results can be repeated but special care has to be taken 
on the positioning to achieve high quality results. 
Table 2: Results of repeatability tests and general tolerances on repeatability for a standard parabolic trough measurement setup 
Standard deviation (1 sigma) in mrad SDx SDy 
Acceptable deviations (no movement) 0.010 0.010 
Acceptable deviations (with movement) 0.050 0.050 
Measured RP3 panels (no movement) 0.001 0.005 
Measured RP3 panels (with movement) 0.015 0.005 
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4. Conclusions 
Enhancements in the determination of configuration parameters, in particular advanced correction of lens 
distortion parameters and advanced determination of the position of all system components, lead to a significant 
reduction of the measurement uncertainties for a deflectometric measurement setup for standard parabolic trough 
panels. Applying the advanced determination of the configuration parameters, the measurement uncertainty of 
previous validation measurements can be achieved also for measurement setups with shorter measurement distance. 
Various deflectometric measurements in different setups using water surfaces as a flat reference were used to 
determine the improvement of the measurement uncertainties. 
These enhancements permit accurate deflectometric measurements of heliostat panels and of geometries with 
short focal lengths in a smaller measurement volume. Apart from this, deflectometric measurements of standard 
parabolic trough panels can be realized with shorter measurement distance. Significant improvements regarding the 
efficiency of the algorithms allow a 100% quality control in standard parabolic trough panel production and permits 
deflectometric qualification measurements with high resolution of up to 2 million measurement points. Repeatability 
tests show a very good repeatability for careful positioning of the measurement object and therefore confirm the 
high reliability of the deflectometric measurement results. 
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